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ABSTRACT
The Magellanic System includes some of the nearest examples of galaxies disturbed by galaxy interactions.
These interactions have redistributed much of their gas into the halos of the Milky Way and the Magellanic
Clouds. We present Wisconsin Hα Mapper kinematically resolved observations of the warm ionized gas in
the Magellanic Bridge over the velocity range of +100 to +300 km s−1 in the local standard-of-rest reference
frame. These observations include the first full Hα intensity map and the corresponding intensity-weighted
mean velocity map of the Magellanic Bridge across (l, b) = (281.◦5,−30.◦0) to (302.◦5,−46.◦7). Using the Hα
emission from the SMC-Tail and the Bridge we estimate that the mass of the ionized material is between
(0.7 − 1.7) × 108 M⊙, compared to 3.3× 108 M⊙ for the neutral mass over the same region. The diffuse Bridge
is significantly more ionized than the SMC-Tail, with an ionization fraction of 36 − 52% compared to 5 − 24%
for the Tail. The Hα emission has a complex multiple-component structure with a velocity distribution that
could trace the sources of ionization or distinct ionized structures. We find that incident radiation from the
extragalactic background and the Milky Way alone are insufficient to produced the observed ionization in the
Magellanic Bridge and present a model for the escape fraction of the ionizing photons from both the Small and
Large Magellanic Clouds. With this model, we place an upper limit of 4.0% for the average escape fraction
of ionizing photons from the LMC and an upper limit of 5.5% for the SMC. These results, combined with the
findings of a half a dozen results for dwarf galaxies in different environments, provide compelling evidence that
only a small percentage of the ionizing photons escape from dwarf galaxies in the present epoch to influence
their surroundings.
Subject headings: galaxies: Magellanic Clouds - galaxies: dwarf - Galaxy: evolution - Galaxy: halo - ISM:
individual (Magellanic Bridge)
1. INTRODUCTION
Galaxy interactions can lead to the formation of bridges
and tails and to the triggering of star formation in the in-
dividual systems (e.g., Barnes & Hernquist 1992). Bridges,
material that links two galaxies, have been detected in many
systems and are often the signature of recent interactions.
An Hα bridge connects M86, a giant elliptical galaxy, to
NGC 4438, a disturbed spiral galaxy (Kenney et al. 2008).
H I bridges connect the Magellanic Irregular galaxy pairs
NGC 4027-4027A (Chung et al. 2007) and NGC 3664-3995
(Wilcots & Prescott 2004). In the Magellanic System, the
galaxy interactions have made the removed material vulner-
able to influence of the gravitational potential of the Milky
Way and to the exchange of material between the Magellanic
Clouds; the Magellanic Stream funnels roughly 0.4 M⊙ yr−1
in H I gas (van Woerden & Wakker 2004)—and as least as
much in ionized gas (Bland-Hawthorn et al. 2007; Fox et al.
2010)—to the Milky Way. Many of the other dwarf galaxies
surrounding the Milky Way are gas poor. A combination of
ram pressure and tidal shocks likely stripped material from
these galaxies (e.g., Mayer et al. 2007). Galaxy interactions
may play an important role in replenishing the star-formation
1 Now an NSF Astronomy and Astrophysical Postdoctoral Fellow at the
Department of Physics, University of Notre Dame, South Bend, IN 46556,
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reservoirs of L∗ galaxies (see Sancisi et al. 2008 for a detailed
discussion on sources of replenishment).
The nearby Magellanic System is an exquisite example of
how galaxy interactions can affect galaxy evolution. Galaxy
interactions have greatly altered the morphology of the Mag-
ellanic Clouds. Large-scale mapping of the 21-cm emission
reveals signatures of these interactions with several large,
gaseous structures originating from the Magellanic Clouds,
including the Leading Arm, the Magellanic Stream, and the
Magellanic Bridge (e.g., Putman et al. 2003b; Bru¨ns et al.
2005; McClure-Griffiths et al. 2009). These circumgalactic
gas features contain roughly∼ 37% of the H I gas in the Mag-
ellanic System (Bru¨ns et al. 2005). The Magellanic Bridge,
which links the Large and Small Magellanic Clouds (LMC,
SMC), and SMC-Tail contain almost 40% of all the neutral
gas surrounding the Magellanic System with an H I mass
totaling 1.8 × 108 M⊙ (Bru¨ns et al. 2005). A recent en-
counter between the Magellanic Clouds likely created this
bridge 200 Myr ago (Gardiner & Noguchi 1996). With the
LMC only 50 kpc and the SMC only 60 kpc away (see Walker
1999 and references therein), they provide a closeup view of
galaxy interactions. Studying the extended gas structures in
this system aids in understanding of the future evolution of
these galaxies and other other tidally disturbed galaxies.
Observing the extended, faint emission from the diffuse
ionized gas in the Magellanic Bridge, also known as the
intercloud region, requires a high-sensitivity instrument as
2 Barger et al.
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Fig. 1.— A schematic view of the gas connecting the Magellanic Clouds.
The SMC-Tail bounded by a solid black line indicates the H I tail; the SMC-
Tail region bounded by a dashed line indicates the Hα tail. The contours
depict the 1019 cm−2 H I column density at 10, 20, 35, and 50 increments.
The grid of 1◦ circles in the top left region of the map represents the Nyquist
sampling, with pointings separated by 0.◦5 beam steps, used to map the Hα
emission.
the emission scales with the density squared. Johnson et al.
(1982) published an Hα map of the Magellanic System on
photographic plates using the SRC Schmidt telescope. This
image indicated the presence of faint Hα nebulosities be-
tween the LMC and SMC. Unfortunately, these photographic
plates only reveal relative Hα fluxes because of the difficul-
ties involved with removing the atmospheric background, es-
pecially the bright geocoronal line and a bright OH line. The
low signal-to-noise ratio of this image makes determining the
morphology of the Hα emission difficult. Since then, Hα
emission has only been observed towards dense H II regions
in the SMC-Tail (Marcelin et al. 1985; Putman et al. 2003a;
Muller & Parker 2007)—a prominent tidal feature connecting
the SMC and the Magellanic Bridge—where the detections
were sensitive down to 0.5–2 R.2 Throughout this paper, we
separate the SMC-Tail from the diffuse bridge (or intercloud
region) when referring to the Magellanic Bridge as shown in
Figure 1.
Absorption-line studies have also revealed that the central
region of the Magellanic Bridge contains ionized gas. Stud-
ies conducted by Lehner (2002) and Lehner et al. (2008) us-
ing the Far Ultraviolet Spectroscopic Explorer (FUSE) and
the Space Telescope Imaging Spectrograph (STIS) instrument
on the Hubble Space Telescope (HST) confirmed the pres-
ence of ionized gas towards two early-type stars and a back-
ground quasar. These observations revealed multiple compo-
nents with different ionization fractions, many lacking [O I]
absorption. The high level of ionization observed towards
the background quasar could be explained if that sightline is
serendipitously near an early-type star, which would make the
sightline have an uncharacteristically high ionization fraction
when compared to the rest of the Magellanic Bridge.
The ionized gas observations of the Magellanic Bridge can
2 1 Rayleigh = 106/4π photons cm−2 sr−1 s−1, which is ∼ 1.7 ×
10−6 erg cm−2 s−1 sr−1 at Hα.
constrain the source of the ionization. If the Lyman con-
tinuum from the Magellanic Clouds produces much of this
ionization, then the strength of the Hα emission limits the
fraction of ionizing photons that escape ( fesc) from both of
the Magellanic Clouds. This quantity is of cosmological im-
portance because the ionizing radiation from galaxies might
be the dominant source of the reionization of the universe
(e.g., Madau et al. 1999; Bolton et al. 2005). This reioniza-
tion altered the structure and shape of the universe by re-
ducing gas accretion onto galaxies, especially dwarf galax-
ies, (Efstathiou 1992; Thoul & Weinberg 1996; Dijkstra et al.
2004) and subsequent galaxy formation (Barkana & Loeb
1999; Shaviv & Dekel 2003; Shapiro et al. 2004) due to the
heating of the intergalactic medium that surrounds galaxies.
High-mass galaxies alone are unable to reionize the universe
(Fernandez & Shull 2011), while the contribution from low-
mass galaxies is uncertain. The fesc from galaxies at both the
present epoch and the epoch of reionization is poorly con-
strained.
To determine if the Magellanic Bridge and the SMC-Tail
contain small pockets of high ionization or if they are ion-
ized throughout, we present an Hα emission survey of these
structures using the Wisconsin Hα Mapper (WHAM) obser-
vatory. WHAM is optimized to detect faint, optical emission
from diffuse ionized sources with a sensitivity of a few hun-
dredths of a Rayleigh. The spectrometer, described in detail
by Haffner et al. (2003), consists of a dual-etalon Fabry-Perot
spectrometer that produces a 200 km s−1 wide spectrum with
12 km s−1 velocity resolution from light integrated over a 1◦
beam. Section 2 includes a description of the Hα observa-
tions. We detail the data reduction process in Section 3, which
includes the velocity calibration, the removal of atmospheric
lines, the merging of spectra taken over different velocity
ranges, and the technique used to correct Hα observations for
extinction. We present the non-extinction corrected Hα inten-
sity map of the Magellanic Bridge in Section 4 and discuss
the differences and similarities of the Hα and H I emission. In
Section 5, we compare the global behaviors of the Hα and H I
gas, including their emission levels and velocity distributions.
We investigate the total mass of the Magellanic Bridge by ad-
dressing the distribution of neutral and ionized gas in Section
6. In Section 7, we explore the source of the ionization and the
escape fraction of ionizing photons from the LMC and SMC.
Finally, we discuss the implications of these observations in
Section 8 and list our major conclusions in Section 9.
2. OBSERVATIONS
To survey the baryons cycling in and out of the Magel-
lanic Clouds, we fully sampled the Hα emission of the Mag-
ellanic Bridge with WHAM at an angular resolution of 1◦ and
a velocity resolution of 12 km s−1 over the local standard-
of-rest (LSR) velocity range 0 to +315 km s−1 from (l, b) =
(281.◦5,−30.◦0) to (302.◦5,−46.◦7). This region was chosen
to include the SMC-Tail. The high-throughput, dual Fabry-
Perot spectrograph of WHAM—combined with a 1◦ angular
provides—enables an unprecedented sensitivity to faint Hα
emission over large scales; however, these beams span almost
a kiloparsec in diameter at distance of 55 kpc, the median dis-
tance between the Magellanic Clouds. As a result, this survey
is less sensitive to emission from individual H II regions—
which often span only only a few hundred parsecs or less—
since they are diluted by the contribution of diffuse emission
within the beam.
We grouped our observations into “blocks” of 30–50
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Nyquist sampled pointings of the entire Magellanic Bridge
at 0.◦5 spacings, as displayed in Figure 1. Each pointing in
a block was observed sequentially in time such that subse-
quent rows of pointings alternated in direction. These obser-
vations were taken at Cerro Tololo Inter-American Observa-
tory (CTIO), where Magellanic Bridge never ascends above
1.4 airmass. We took the large majority of the observations
while the Magellanic Bridge had an airmass between 1.4 and
1.6; however, we also incorporated additional observations
sampled at 1◦ spacing with airmass greater than 1.6 to in-
crease the total integration time of the map.
We kept single observations short to minimize subtle
changes in the spectra caused by variations in atmospheric
lines and observed each block multiple times over September
2011 to January 2012 to increase our sensitivity. Each single
observation had an exposure time of 30-seconds, while the
total integrated exposure time at each sightline ranges from
1.5 to 6.0 minutes. We sampled the high H I column den-
sity regions (NH i > 1019 cm−2) that connect the LMC and
SMC the most. Figure 2(a) shows the total integrated expo-
sure time for each location in this survey. Many of the re-
peated observations towards the same regions are separated
by few weeks to allow the atmospheric lines to shift relative
to the LSR velocity reference frame. Combining observations
acquired over multiple months reduces the residuals from the
faint atmospheric-line subtraction while reinforcing the astro-
nomical emission at a specific LSR velocity.
The observations taken with different spacing from the
Nyquist grid were binned to conform to the Nyquist grid. This
corresponds to 28% of the resultant average sightlines having
a smoothed angular coverage with an effective angular diam-
eter of 1.◦1 or less, 55% with 1.◦2 or less, and 92% with 2.◦0 or
less compared to the 1◦ angular resolution of WHAM. We de-
fine the effective angular diameter as the diameter of a circle
with an area equal to the total area covered by the averaged
beams. The further from the main H I structure of the Bridge,
the larger the average displacement of the non-Nyquist sam-
pled observations from the Nyquist grid points as these loca-
tions were sampled less. The typical effective angular diame-
ter is therefore smallest along the H I Bridge, as illustrated in
Figure 2(b).
3. DATA REDUCTION
Beyond the ring-summing and flat-fielding procedures de-
scribed in Haffner et al. (2003), the data reduction of the Hα
map included velocity calibration of the emission, subtraction
of the atmospheric emission, stitching together of the spectra
taken along the same sightline taken at different velocity inter-
vals, and applying an extinction correction to the Hα emission
from both foreground dust and dust within the Bridge.
3.1. Velocity Calibration
Once the spectra are pre-processed, ring-summed, and flat-
fielded, they are in 2 km s−1 bins over a 200 km s−1 velocity
window. These spectra are shifted to the geocentric (geo) ve-
locity frame by adding a constant velocity offset value, de-
termined by identifying bright atmospheric lines with known
wavelengths. Both faint and bright atmospheric emission
clutter the −50 to +315 km s−1 LSR velocity window of
this Hα Magellanic Bridge survey. Two bright atmospheric
lines dominate the spectra in this survey: the bright geo-
coronal line at vgeo = −2.3 km s−1 and a bright OH line at
vgeo = +272.44 km s−1 relative to the Hα recombination line
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Fig. 2.— Total integrated exposure time (a) and smoothed angular diameter
of each sightline (b) of survey. The total expire time consists of multiple 30-
second individual observations at each location of the Hα Magellanic Bridge
survey. Each observation span 200 km s−1, which is only part of the 0 to
+315 km s−1 velocity coverage. The majority of the observations were cen-
tered at either +175 or +210 km s−1. The smoothed angular diameter is the
effective diameter of the sightline after binning the non-nyquist sampled ob-
servations such that they conform to the nyquist grid spacing. The contours
depict the 1019 cm−2 H I column density at 10, 20, 35, and 50 increments.
at 6562.8 Å. These two bright lines are labeled (i) and (ii) in
Figure 3(a). Because the velocity window of a single observa-
tion is only 200 km s−1 wide, multiple exposures are needed
to fully sample the spectrum of the Bridge. Each exposure
was shifted to include either the geocoronal line or the bright
OH line to enable accurate velocity calibration. Although
the overlapping emission from the Galactic warm interstel-
lar medium—marked as (iii) and (iv) in Figure 3(b)—with
the geocoronal line can add uncertainty in determining po-
sitions of emission features below +50 km s−1, the large con-
trast in the strengths of these lines generally makes locating
the geocoronal-line center easy. Finally, we apply an offset
for each observation that shifts them to the LSR frame.
3.2. Removing Atmospheric Emission
The overlap of the geocoronal line with the Hα Magellanic
Bridge emission is negligible as the majority of low velocity
H I components appear at vgeo > +30 km s−1. The bright OH
line contaminates the spectra at +260 & vgeo & +290 km s−1.
As a result, this line does occasionally overlap with the Hα
4 Barger et al.
0
1
2
3
4
    
    
(i)
(ii)
(a)
    
-0.05
0.00
0.05
0.10
0.15 (iii)
(iv)
(b)
    
-0.05
0.00
0.05
0.10
0.15
1
2 3 4 5
6
7 8
9
10
11 12
13
14 15
(c)
0 100 200 300
Geocentric Velocity [km/s]
 
-0.05
0.00
0.05
 (v) (d)
In
te
ns
ity
 [A
DU
 (k
m/
s)-
1 ]
-100
0
100
200
300
400
0.00
0.02
0.04
0.06
0.08
0.10
0.12
Fig. 3.— The average Hα emission towards (l,b) = (60.◦0,−67.◦0) and (89.◦0,−71.◦0). The (a) and (b) panels show this average spectra as a dotted line and the
corresponding fit in gray. The (b) panel emphasizes the faint emission in panel (a) and displays the constructed atmospheric template as a black solid line. Panel
(c) illustrates the faint atmospheric lines near Hα in dark grey against the fit for the averaged spectra; these faint lines are listed according to the line identification
in Table 1. At +334.4 km s−1, an additional line—not shown here—with a full-width at half-max of 15.0 km s−1 and 2.76 times the area of line (1), was added to
the construction of the average atmospheric template. Panel (d) displays the residuals between the average spectra and the total fit. The (i) marker indicates the
geocoronal line at −2.3 km s−1 and the (ii) marker denotes a bright OH line at a geocentric velocity of +272.44 km s−1. Galactic emission is labeled by markers
(iii) and (iv). Marker (v) indicates residuals from the OH line subtraction caused by a slight mismatch in instrument profile; we decreased these residuals in the
final data processing by applying a custom instrument profile for each night (see Section 3.2.2).
TABLE 1
Faint Atmospheric Lines near Hα
vgeo Wavelength FWHM Relative
Line [ km s−1] [Å] [ km s−1] Intensity
1 −41.4 6561.92 10 1.00
2 −24.9 6562.29 10 0.30
3 +32.7 6563.57 10 0.30
4 +40.9 6563.75 10 0.65
5 +54.2 6564.04 10 0.39
6 +73.0 6564.46 15 1.60
7 +96.5 6564.98 10 0.36
8 +140.4 6565.95 15 0.90
9 +174.7 6566.71 15 2.36
10 +201.4 6567.31 15 1.69
11 +218.8 6567.69 15 1.13
12 +236.8 6568.09 10 1.34
13 +255.5 6568.51 15 1.84
14 +292.6 6569.33 10 0.92
15 +311.5. 6569.75 15 1.06
Note. — This list excludes the geocoronal line at
−2.3 km s−1 and the bright OH line at +272.44 km s−1: two
lines produced through a different process in a different at-
mosphere layer.
emission features close to LMC velocities. Fainter atmo-
spheric emission is present below ∼ 0.1 R at all velocities
in this survey. The removal of both the bright and faint at-
mospheric lines is crucial for detecting the faint Hα emission
between the Magellanic Clouds. The removal of atmospheric
contamination consists of three steps: subtracting the back-
ground continuum, subtracting the bright atmospheric lines,
and subtracting the faint atmospheric lines.
3.2.1. Background Subtraction
We assume an underlying flat background continuum level
over all velocities. The baselines are well behaved over the
velocity range of this survey, except when contaminated by
emission from bright foreground stars. Foreground stars dis-
tort the shape of the spectra and create an elevated, non-linear
background with absorption lines. Beams that contain stars
with mV < 6 ( ∼ 9%) within a 0.◦55 radius are excluded from
this survey to minimize this foreground contamination and are
replaced with an average of the uncontaminated observations
within 1◦.
3.2.2. Bright Atmospheric Line Subtraction
The strength of the bright and faint atmospheric lines vary
differently throughout over the course a night and a year.
The geocoronal line (Mierkiewicz et al. 2006) and OH lines
(Meriwether 1989) are produced from interactions between
solar radiation and Earth’s upper atmosphere and will, there-
fore, vary in strength with the direction and the time of the
observation. These bright atmospheric lines are displayed in
Figure 3(a) and are labeled (i) and (ii). For this reason, the
geocoronal line and the OH line at vgeo = +272.44 km s−1 are
always individually removed from each spectra before sub-
tracting the faint atmospheric lines. We removed these lines
by fitting a single Gaussian profile convolved with the instru-
ment profile.
Two effects alter the shape bright atmospheric lines: (1)
The precision in aligning the dual-etalon transmission func-
tions (spectrometer “tuning”) can result in very slight night-
to-night variations in the instrument profile at a level only de-
tectable in narrow, bright lines. (2) A geocoronal “ghost”—
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Fig. 4.— Example of atmospheric subtraction. Panels (a.1)–(d.1) corre-
spond to an observation taken towards (l,b) = (89.◦0,−71.◦0), one of the faint
directions used to construct the atmospheric template in Figure 3. Panels
(a.2)–(d.2) correspond to an observation taken towards the inner region of
the Bridge at (l,b) = (289.◦4,−39.◦0) with a non-extinction corrected IHα of
0.08 R. The pre-atmospheric spectra are shown in panels (a.1)–(a.2) and
zoomed in to illustrate the faint emission in (b.1)–(b.2). The dotted lines in
panels (a.1)–(b.2) indicate the location of the baseline. The dashed lines in
lines in panels (b.1–b.2) trace the bright OH line at a geocentric velocity of
+272.44 km s−1 and an Hα emission feature produced from the Magellanic
Bridge in panel (b.2). The fainter solid gray line in panels (b.1–b.2) indicate
the strength and location of the faint atmospheric lines, identified using the
atmospheric template in Figure 3. The darker solid gray line in panels (b.1–
b.2) indicate the total fit, which includes the baseline, atmospheric template,
and contributions from the OH and Hα Bridge emission lines. Panels (c.1–
c.2) include the spectra after subtracting the atmospheric profile, the bright
OH line, and the baseline. The residuals of the fit are displayed in Panels
(d.1)–(d.2). The region highlighted in gray in panels (c.1–2) represent the lo-
cation that a bright OH line was removed and signifies a velocity range with
a lower sensitivity than the surrounding spectra.
due to an incomplete suppression of a geocoronal line at
vgeo = −2.3 km s−1 from a neighboring order in the high-
resolution etalon (see Haffner et al. 2003, Figure 2)—lies un-
derneath the OH line at vgeo = +272.44 km s−1. Although
these affects are minimal, together they can leave residuals
that can make detecting the faint Hα emission of the diffuse
Magellanic Bridge difficult. Each night we constructed a new
instrument profile to minimize the residuals associated with
the subtraction of the geocoronal and OH lines to account for
both of these effects. The P-Cygni shape of the residual in
Figure 3(d), marked (v), illustrates the result of the line sub-
traction with the generic WHAM instrument profile instead of
using a custom instrument profile each night.
We constructed the instrument profile for each night by
modeling the shape of the +272.44 km s−1 OH line with three
gaussians: one to account for the global size and width of the
line and one for each wing to account for an asymmetrical
shape of the line at the blue wing. The asymmetrical blue
wing is due to minor etalon defects (Tufte 1997). We chose to
model the instrument profile using the OH line because its in-
trinsic line width is much narrower than the instrument width
and because it is well separated from Galactic emission. We
created these profiles from observations towards either (l,b)
= (60.◦0,−67.◦0) or (89.◦0,−71.◦0), two sightlines that are ob-
served to have little Hα emission and are located far outside
of the (l, b) = (281.◦5,−30.◦0) to (302.◦5,−46.◦7) Bridge survey.
Due to the high signal strength of the OH line and the sub-
sequent increased noise, the data that overlap with OH line
are more noisy than the surrounding spectra. The net result is
that the sensitivity of our survey is better at lower velocities
between +100 ≤ vLSR ≤ +240 km s−1 with IHα ≃ 30 mR than
at higher velocities between+240 ≤ vLSR ≤ +275 km s−1 with
IHα ≃ 40 mR.
Bridge emission at high velocities may be reduced over cer-
tain velocities since the some of the emission could be sub-
tracted during the removal of the bright OH line. The intensity
of the OH line dominates over this span, hiding Hα emission
from the Bridge. Removal of some Bridge emission is un-
avoidable throughout the core of this line. The presence of
ionized gas emission over this narrow velocity range may be
revealed through other spectral lines, such as [S II] or [N II].
We are undertaking Magellanic Bridge surveys in these lines
as well with WHAM.
In the wings of the OH line, the atmospheric and potential
Bridge emission become comparable. As mentioned above,
determining the instrument profile each night helps to mini-
mize any residuals from subtracting the line. We also observe
each sightline multiple times over multiple months so the off-
set between the geocentric and LSR frames is different for
each observation. Combining these multiple-epoch observa-
tions minimizes contamination from the OH wing in an indi-
vidual exposure.
3.2.3. Faint Atmospheric Line Subtraction
In addition to the bright geocoronal and a OH atmospheric
line, faint atmospheric lines litter the spectra. The strength
of these faint atmospheric lines changes primarily with air-
mass. To characterize them, we observed two directions faint
in Hα emission multiple times over 10 days to create an av-
erage spectrum with a high signal-to-noise ratio. This aver-
aged spectrum consists of numerous 30- and 60-second ob-
servations, totaling 4.5 hours of integrated exposure time, to-
wards (l,b) = (60.◦0,−67.◦0) and (89.◦0,−71.◦0), which are out-
side the Bridge survey region of (l, b) = (281.◦5,−30.◦0) to
(302.◦5,−46.◦7). Table 1 lists the geocentric velocity, wave-
length, width, and relative intensity of these atmospheric
lines and Figure 3(c) displays their relative size and posi-
tion. Hausen et al. (2002) and Haffner et al. (2003) list sim-
ilar characteristics for the faint atmospheric lines near Hα in
the northern hemisphere observed towards the Lockman Win-
dow; however, our observations here extend this list to higher
positive velocities. We used the averaged atmospheric emis-
sion spectrum of the faint lines to construct a synthetic atmo-
spheric template (shown in Figure 3(b) as a solid black line).
We removed the faint atmospheric lines from the Mag-
ellanic Bridge observations by scaling the synthetic atmo-
spheric template—which accounts for changes in the flux due
to airmass and daily fluctuations—to match the atmospheric
contamination. This scaled atmospheric template is then sub-
tracted from the observation. The removal of the faint at-
mospheric lines in this study parallels the reduction method
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Fig. 5.— Combining spectra taken over three months towards the direction
(l,b) = (291.◦6,−39.◦0). Panel (a) shows an example of a typical observation
and the corresponding error. Panel (b) displays five separate observations,
each illustrated with a different color, and their combined average (black)
with the y-axis expanded by a factor of two. This average spectra is displayed
again in panel (c) with the resulting errors. The elevated intensity between
+50 and +100 km s−1 is due to Galactic emission; for this reason, velocities
below +100 km s−1 are excluded in the Hα map in Figure 7. The region
highlighted in gray represent the location that a bright OH line was removed;
our sensitivity is lower throughout this velocity region.
used by Haffner et al. (2003), which provides a more thorough
description of this process. Figure 4 illustrates this process
towards (l,b) = (89.◦0,−71.◦0), a sightline far off the Magel-
lanic Bridge and faint in Hα emission, and towards (l,b) =
(289.◦4,−39.◦0), a sightline in the middle of the Magellanic
Bridge. Both of these observations were taken on the same
night. Panels (b.1–b.2) show the scaled atmospheric tem-
plate (solid gray line) fit to these spectra and the resultant
atmospheric-subtracted spectra in panels (c.1–c.2); the bright
OH—centered roughly at +250 km s−1 in the LSR frame—
and the background continuum were fit and subtracted sepa-
rately.
3.3. Co-adding Spectra
Each observation produces an average spectrum of the
emission within the 1◦ beam over a 200 km s−1 wide velocity
window at a velocity resolution of 12 km s−1. The dominant
H I emission of the Magellanic Bridge spans approximately
+50 to +315 km s−1. With this wide velocity range—one and
a half the size of the WHAM velocity window—we covered
the spectral range with multiple exposures and spliced them
together. The spectra were first velocity calibrated and at-
mospheric subtracted by the methods described in Sections
3.1 and 3.2, then combined. Figure 5 shows an example of
how we combined five separate observations along the same
sightline after velocity calibration and atmospheric subtrac-
100 150 200 250 300
-4
-2
0
2
4
6
I H
α
 
[m
R/
(km
 s-
1 )]
     
0
50
100
150
I H
α
 
[m
R/
(km
 s-
1 )]
     
 22
 25
 28
 31
 34
I H
α
 
[m
R/
(km
 s-
1 )]
100 150 200 250  
 -4
 -2
  0
  2
  4
R
es
id
ua
ls
     
 
 
 
 
0
100
200
300
I H
α
 
[m
R/
(km
 s-
1 )]
     
 
 
 
 
 
28  
31  
34  
37  
40  
I H
α
 
[m
R/
(km
 s-
1 )]
 150 200 250 300
 
 
 
 
 
-4  
-2  
 0  
 2  
 4  
R
es
id
ua
ls
vLSR [km s-1]
Total Fit
Atmosphere 
Template
  OH Line 
Bridge
(a: obs 1 + 2)
(b.1: obs 1)
(c.1: obs 1)
(d.1: obs 1)
(b.2: obs 2)
(c.2: obs 2)
(d.2: obs 2)
Fig. 6.— The reduction of sightline (l, b) = (290.◦9,−41.◦0) in the Magellanic
Bridge with two separate observations (obs 1 and obs 2). Panel (a) shows the
fully reduced spectra with horizontal arrows and vertical dotted lines labeling
the +100 to +300 km s−1 velocity range of the Hα survey. This sightline has
a non-extinction corrected IHα of 0.18 R. The unreduced spectra in panels
(b.1–2) are magnified in (c.1–2) to magnify the faint atmospheric lines and
Bridge emission of the non-reduced spectra, where a gray solid line marks
the total fit, a hollow gray line signifies the atmospheric template of the faint
lines, the outlined gray dashed line labels the bright OH line fit at vgeo =
+272.44 km s−1, and the gray dashed line traces the Bridge emission. The
residuals of the emission from these two observations minus the total fits
are included in panels (d.1–2). The region highlighted in gray represents
the location of a bright OH line and signifies a velocity range with a lower
sensitivity than the surrounding spectra.
tion. The resultant spectrum in Figure 5(c) is an average of
the five multi-color spectra shown in Figure 5(b), with the
intensity and uncertainty weighted by the number of observa-
tions at each velocity bin. We selected the velocity coverage
for each observation to ensure the inclusion of a bright atmo-
spheric line with a stationary position in the geocentric rest
frame to ensure accurate alignment.
In Figure 6, we demonstrate the entire reduction process to-
wards sightline at (l, b) = (290.◦9,−41.◦0) in the Magellanic
Bridge with two separate observations. The reduced com-
bined spectrum is shown in Panel (a). Panels (b.1–2) include
the non-reduced spectra and panels (c.1–2) zoom in on the
faint atmospheric lines and Bridge emission with the their cor-
responding fits. We measure similar Bridge emission from
both of these observations before and after we splice the two
spectra together.
3.4. Hα Extinction Correction
The intrinsic Hα intensity from the Magellanic Bridge is re-
duced by foreground dust in the Milky Way and potentially by
the dust within the structure itself. In this section, we discuss
our prescription for determining the extinction correction due
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TABLE 2
Neutral and Ionized Properties
Foreground Extinction Internal Extinction
Region log 〈NH i〉 A(Hα)a %corra log 〈NH i〉 A(Hα)a %corra
[ cm−2] [mag] [ cm−2] [mag]
Inner Regionb 20.6 0.26 27.3% 19.9 0.02 1.5%
H i SMC-Tailb 20.6 0.17 16.7% 20.5 0.07 6.8%
Hα SMC-Tailb 20.8 0.16 15.6% 20.4 0.05 5.2%
a Calculated using the average log 〈NH i〉 of the region.
b Regions defined by a polygon with the following corners: l=(289.◦0, 283.◦0, 289.◦0, 297.◦0)
and b=(−30.◦2,−38.◦0,−43.◦0,−35.◦0) for the inner region, l=(301.◦8, 295.◦9, 289.◦1, 295.◦7) and
b=(−39.◦4,−36.◦2,−43.◦0,−46.◦5) for the H i SMC-Tail, and l=(300.◦5, 294.◦5, 292.◦0, 297.◦0) and
b=(−41.◦0,−39.◦5,−42.◦0,−45.◦0) for the Hα SMC-Tail. The boundaries for these regions are dis-
played in Figure 1.
to these sources.
3.4.1. Correction for Foreground ISM Extinction
The position of the Magellanic Bridge below the Galac-
tic plane results in minimal foreground interstellar dust ex-
tinction. We expect that most of the extinction comes from
local interstellar dust. We use the excess color given in
Diplas & Savage (1994) for a warm diffuse medium:
E(B − V) = 〈NH i〉
4.93 × 1022 atoms/(cm2 · mag) (1)
where the average H I column density (〈NH i〉) includes
only the foreground H I emission (Bohlin et al. 1978). The
integrated foreground H I column density is calculated
from smoothed Leiden/Argentine/Bonn Galactic H i survey
(LAB: Kalberla et al. 2005; Hartmann, D. & Burton, W. B.
1997) data to match our 1◦ angular resolution. To cal-
culate the total foreground extinction along the line-of-
sight, we integrated H I column densities over the −450 to
+100 km s−1 LSR velocity range. If the extinction follows the
〈A(Hα)/A(V)〉 = 0.909 − 0.282/Rv optical curve presented in
Cardelli et al. (1989) for a diffuse interstellar medium, where
Rv ≡ A(V)/E(B − V) = 3.1, then the expression for the total
extinction becomes
A(Hα) = 5.14 × 10−22 〈NH i〉 cm−2 · atoms−1 · mag, (2)
so that the foreground extinction correction is IHα, corr =
IHα, obs e A(Hα)/2.5. All subsequent mass and ionizing flux cal-
culations are corrected for foreground extinction using the
LAB survey H I column densities, unless otherwise specified.
3.4.2. Correction for Magellanic Bridge ISM Extinction
H I emission traces most of the dust responsible for the
extinction in the inner region of the Bridge. FUSE observa-
tions towards the early-type star DI-1388 at (291.◦2,−41.◦3)
reveal only log
(
NH2/ cm−2
)
= 15.45 (Lehner 2002) and
no H2 absorption towards the early-type star DGIK-975 at
(287.◦2,−36.◦1), which indicates that the faction of H2 of
the diffuse gas in the central regions of the Bridge is less
than 0.004% (Lehner et al. 2008). The non-detections of
12CO(1− 0) by Smoker et al. (2000) indicates that this region
only contains trace amounts of molecular gas. The lack of
molecular gas detections suggests that this region also con-
tains only trace amounts of dust. Therefore we did not ap-
ply an extinction correction the central region of the Bridge,
which would have only increased the Hα intensity by a max-
imum of 1.5% (see Table 2), assuming that this region has a
composition similar to the SMC-Tail.
The composition of the SMC-Tail is different than the cen-
tral regions of the Magellanic Bridge, where dust and molec-
ular gas have been directly observed (see Mizuno et al. 2006
and Gordon et al. 2009). Gordon et al. (2003) determined the
extinction properties of the SMC-Wing by measuring stel-
lar reddening. They found that E(B − V) = 0.263 mag,
RV ≃ 2.05, and AV ≃ 1.35×10−22 〈NH i〉 cm2 · atoms−1 · mag.
To determine the Hα extinction in the SMC-Tail, we use the
extinction curve presented in their study: 〈A(Hα)/A(V)〉 =
E(Hα−V)/E(B−V) R−1v + 1, where E(Hα−V) = 0.277 mag(Gordon et al. 2003: Equations 1 and 4). This yields the ex-
tinction correction for the Hα emission of the SMC-Tail:
A(Hα) = 2.05 × 10−22 〈NH i〉 cm−2 · atoms−1 · mag. (3)
We apply this extinction correction to only the SMC-Tail re-
gion, where 〈NH i〉 is determined using the results from the
LAB H I survey smoothed to 1◦ to match our angular res-
olution. Correcting the Hα intensities for the dust within the
structure results in an average 5.2% increase for the Hα SMC-
Tail and 6.8% for the H I SMC-Tail (see Table 2 and Fig-
ure 1) with H I column densities integrated over the +100 to
+300 km s−1 in the LSR velocity range. Because the Hα emit-
ting regions lie throughout the SMC-Tail and not behind the
structure, this extinction correction represents an upper limit
for the Hα intensities correction.
4. Hα INTENSITY MAP
We surveyed the Magellanic Bridge and SMC-Tail in Hα
with WHAM from (l, b) = (281.◦5,−30.◦0) to (302.◦5,−46.◦7)
over a velocity range of 0 to +315 km s−1 in the LSR frame.
Figure 7 displays both the non-extinction corrected Hα inten-
sity and the H I column density over this region, integrated
over +100 & vLSR & +300 km s−1. We used Galactic All
Sky Survey (GASS) for all the H I spectra, the H I maps,
and the H I calculations in this paper (McClure-Griffiths et al.
2009; Kalberla et al. 2010)—except when calculating the ex-
tinction correction in Section 3.4 where we used the LAB
survey—smoothed to 1◦ to match the angular resolution of
the WHAM observations. To avoid contamination from the
Galactic warm interstellar medium, we exclude emission with
velocities less than +100 km s−1. At LSR velocities greater
than+300 km s−1, emission from the LMC contributes in low-
longitude and high-latitude regions of the map; for this reason,
we chose to also exclude emission at velocities greater than
+300 km s−1. As mentioned in Section 3.2.2, the sensitivity
of this survey is decreased from IHα ≃ 30 mR to IHα ≃ 40 mR
at vLSR ∼ +250 km s−1 due to residuals in the bright OH line
subtraction at vgeo = +272.44 km s−1.
8 Barger et al.
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Fig. 7.— The H I (a) and Hα (b) emission maps from the GASS Survey and WHAM observations, respectively. The emission is integrated over the vLSR range
of +100 to +300 km s−1. The contour lines in panel (a) trace the 1019 cm−2 H I column density at increments of 10, 20, 35, and 50. The contour lines in panel (b)
trace the non-extinction corrected Hα intensity at 0.03 and 0.16 R. The brightest Hα emission follows the high column density H I gas in the Small Magellanic
Cloud Tail (lower left) and the Large Magellanic Cloud (upper right).
Hα emission, with typical intensities above 0.1 R, spans
the entire Magellanic Bridge and SMC-Tail roughly tracking
the H I emission. Portions of the Hα Bridge exist at slightly
higher latitude than the bright H I Bridge, e.g., the patches
of Hα emission at (297◦,−34◦) and (295◦,−32◦) in Figure
7(b). Fainter H I emission at column densities of 1018 cm−2
does span to these higher latitudes, suggesting that this re-
gion could be highly ionized. In Figure 7, near the LMC and
in the region between (l, b) = (289◦,−40◦) and (283◦,−45◦)
the average H I emission has a higher mean velocity where
our measured Hα intensity is low. The loss in Hα sensitivity
due to the OH line at higher velocities could lead to under-
representation of emission in certain spatial regions. The gen-
eral spectroscopic agreement between H I and Hα throughout
the Bridge combined with our decreased sensitivity limit of
IHα ≃ 40 mR over +240 ≤ vLSR ≤ +275 km s−1 does not pre-
clude the existence of diffuse ionized gas with low emission
levels associated with the neutral component. Emission maps
in other spectral lines (e.g., [S II] or [N II]) may help reveal
undetected gas in these regions.
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The Hα emission decreases radially with distance from both
of the Magellanic Clouds away past 0.16 R contour. The
emission becomes constant in the central 10◦ of the Bridge,
past the 0.16 R contour, where the non-extinction corrected
intensity ranges from 0.05 ≤ IHα ≤ 0.16 R. The SMC H I-
Tail extends further than the Hα-Tail by a few degrees, where
intensities are typically less than 0.4 R.
An elevated region of Hα emission exists within the Mag-
ellanic Bridge at (l, b) = (293◦,−37◦), just off the bright
NH i = 5×1020 cm−2 contour of the H I SMC-Tail as displayed
in Figure 7. A bright foreground star, with MV = 4.7 mag
at (l, b) = (293.◦4,−39.◦8), aligns with this line-of-sight. Al-
though we replaced the spectra of the Hα map with the av-
erage of the nearby spectra for the sightlines within a radius
of 1.◦0 of the star, this region is still brighter than the neigh-
boring sightlines. The profile of the resultant Hα spectra in
this region agree with the H I spectra, with H I emission
features at +150 ≤ vLSR ≤ +200 km s−1 and Hα features at
+150 ≤ vLSR ≤ +250 km s−1, where the H I column den-
sity peaks at +180 km s−1 compared to +170 km s−1 for the
Hα. The Hα spectra also have a less prominent component
at +225 km s−1. The emission feature is only present in the
neighboring H I spectra at more negative latitiudes. The sim-
ilarities between the Hα and H I spectral components suggest
that this rise in Hα intensity at this location is real.
Although large scale structure of the Hα and H I Bridge
agree, there are subtle differences at small scales. In the re-
gion above the main bridge, with more positive latitudes, there
are small patches of elevated Hα emission at roughly (l, b) =
(297.◦0,−34.◦0), (295.◦0,−32.◦5), (293.◦0,−30.◦0), (285.◦5,−41.◦0),
and (288.◦0,−45.◦0). The elevation in Hα could be explained
if these regions are correlated with star forming sites, are
more exposed to the Lyman continuum of the LMC and
SMC, or are indicators of shock-heated gas that is produced
as the Magellanic Bridge travels through Milky Way (MW)
halo gas.
An elongated, faint Hα feature exists off the Hα bridge
that spans a minimum 10◦ from (l, b) = (302◦,−40◦) and
(l, b) = (302◦,−30◦) that might be material associated with
the Leading Arm or stellar outflows from the SMC. This
structure is at the edge of our Hα Bridge survey and may
extend to higher Galactic longitudes and latitudes. The Hα
emission component of this structure ranges from +140 ≤
vLSR ≤ +210 km s−1, with typical intensities of roughly
0.03 R. The lack of a complementary H I emission above
NH i = 1.6 × 1018 cm−2, the 3σ sensitivity of the GASS H I
survey at a width of 30 km s−1 (McClure-Griffiths et al. 2009),
combined with the faint Hα emission could indicate that this
gas is low-density or hot (T > 105 K) medium. Although
this structure is very faint, it is likely real as the velocity com-
ponents persist throughout the structure. Figure 8 shows the
H I and Hα spectra at three locations along this structure.
These velocity components are at velocities similar to those
observed in the SMC. The small angular distance and velocity
difference suggests that this gas is associated with the SMC.
With the high star-formation rate of the SMC and the galaxy
interactions with the LMC and MW, this structure is proba-
bly associated with either SMC stellar feedback or displaced
material, removed by galaxy interactions.
5. COMPARISON OF THE Hα AND H I GAS
The large and small scale similarities and differences be-
tween the neutral and ionized gas phases provide clues to the
processes affecting the structure. In this section, we compare
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Fig. 8.— Comparison of non-extinction corrected Hα intensity (red) and H I
column density (black) associated with an elongated, faint Hα feature that
extends off the Hα bridge and spans from (l,b)=(302◦ ,−40◦) to (302◦ ,−30◦).
Panel (a) includes the emission at (302.◦0,−30.◦7), panel (b) at (301.◦9,−35.◦1),
and panel (c) at (301.◦8,−40.◦1). The region highlighted in gray represents the
location that the bright OH line was removed, marked as (ii) in panel (a) of
Figure 3 and represents a region where our sensitivity is low.
the differences between the H I and Hα velocity distribution
and the strength of these emission lines.
5.1. H I and Hα Velocity Distribution
The Magellanic Bridge has a complex velocity distribution.
The first moment (also known as the intensity-weighted mean
velocity or velocity field: v¯ = ∑ v × I(v) ÷ ∑ I(v)) of the Hα
increases from roughly +175 to +225 km s−1 across the Mag-
ellanic Bridge from the SMC-Tail to the LMC. The H I in-
creases from roughly +125 to +250 km s−1 over the same re-
gion. These global velocity trends are shown in Figure 9. The
smooth Hα and H I velocity gradients are a result of blending
multiple components in constructing the first moment map.
Bru¨ns et al. (2005) suggest that the H I velocity gradient is
largely due to projection effects and indicates that the Mag-
ellanic Bridge is likely orbiting parallel with the Magellanic
Clouds.
The Hα first-moment map has a much smoother distribu-
tion than the corresponding H I map. Three effects cause this
difference: (1) The Hα emission is much more broad than
the H I, both in width of the individual components and in
the overall velocity extent of the multiple components. (2)
The angular resolution of the Hα survey is much lower than
the H I GASS survey at 1◦ compared to 16′. Each Hα ob-
servations spans a spatial diameter of ∼ 1 kpc, assuming a
distance of 55 kpc, which causes all the small scale struc-
ture to be blended together and diluted in the resultant spectra.
(3) The Hα survey is less sensitive over the velocity range of
10 Barger et al.
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Fig. 9.— The H I (a) and Hα (b) first moment map for the H I column den-
sities greater than 1020 cm−2 and the Hα intensities greater than the 0.03 R.
The contour lines in panel (a) trace the 1019 cm−2 H I column density at
increments of 10, 20, 35, and 50. The contour lines in panel (b) trace the
non-extinction corrected Hα emission at 0.3 and 0.16 R.
+240 ≤ vLSR ≤ +275 km s−1 due to the residuals from a bight
atmospheric OH line (see Section 3.2.2); the average emission
of the Bridge shifts to vLSR & +240 at the sightlines closest to
the LMC, causing the Hα first-map to be less accurate for the
faint emission in this region.
Although the global velocity distribution of the H I and
Hα gradually shift from the SMC to the LMC, the individ-
ual spectra have a complex multi-component structure that
often have two or more components (see Figures 10 and 12).
The majority of the brightest H I and Hα components peak at
roughly the same velocity at most locations; however, there
are many places where the dominant Hα peak corresponds
with a weaker H I peak. This behavior is especially true in the
SMC-Tail and near the LMC. Such regions may have a higher
ionization fraction, which could indicate active local star for-
mation, more exposure of the gas to ionizing radiation from
the galaxies, or an interface between the neutral and ionized
gas.
A statistical investigation of the H I gas components in
the SMC-Tail using the Australia Telescope Compact Array
(ATCA) and the Parkes telescopes indicates that the multi-
component structure might be associated with two kinemat-
ically and morphologically distinct arms of gas emanating
from the SMC (Muller et al. 2004). Numerical simulations
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Fig. 10.— Comparison of non-extinction corrected Hα intensity (red) and
H I column density (black) across the Magellanic Bridge. The dotted Gaus-
sians trace individual Hα components; the dashed line is the sum of these
components. The region highlighted in gray represents the location that the
bright OH line was removed, marked as (ii) in panel (a) of Figure 3 and rep-
resents a region where our sensitivity is low. Emission from the SMC-Tail
is shown in the three left panels: (a) at (290.◦8,−44.◦0), (b) at (293.◦2,−46.◦0),
and (c) at (297.◦5,−42.◦5). Panel (d) at (294.◦5,−36.◦0) displays typical emis-
sion features towards the middle of the Magellanic Bridge and panel (e) at
(296.◦2,−33.◦4) illustrates a typical observation off the Hα Bridge; this flat
spectra indicates that the atmospheric emission has been adequately removed.
Panel (f) at (289.◦5,−32.◦8) shows representative spectra at the Magellanic
Bridge and LMC interface.
by Gardiner et al. (1994) predict that the lower velocity and
more southern arm would extend to the LMC. Figure 10 in-
cludes a comparison of typical H I and Hα spectra towards
three locations in the SMC-Tail where the neutral gas exhibits
this multi-peaked distribution. In Figure 10(a), the bright H I
emission aligns with the Hα emission, but in Figure 10(b)–(c)
the peak in Hα traces the faint H I peak. Many of the Hα
sightlines towards the SMC-Tail have a two component Hα
velocity distribution, including the spectrum shown in Figure
10(c).
In the Magellanic Bridge, the Hα emission has velocity
components that lack complementary H I component, possi-
bly revealing a highly ionized region. An example of this be-
havior is shown in Figure 10(d) towards (l,b) = (294.◦5,−36.◦0)
at vLSR ∼ 165 km s−1. Figure 11(a.1–3) shows a mini map
of the H I emission used to produce the spectra in Figure
10(d), with the 1◦ averaged region outlined in black. The
velocity range of Figure 11(a.2) channel map was chosen to
highlight the emission where the smoothed H I spectral com-
ponents differ from the Hα components. The small scale
structure of the H I gas enclosed within the same angular
extent as the WHAM observations reveals a small subregion
with a complementary component at +165 km s−1 towards
(294.◦3,−36.◦5) with NH i ∼ 5 × 1019 cm2.
Lehner et al. (2008) also identified highly ionized regions
in the inner region of the Magellanic Bridge from the ab-
sorption in the spectra of two early-type stars: DI 1388 at
(l,b) = (291.◦2,−41.◦3) and DGIK 975 at (l,b) = (287.◦2,−36.◦1)
marked in Figure 12; FUSE observations from that study
revealed gas that is mostly ionized at +165 ≤ vLSR ≤
+193 km s−1 and partially ionized at +193 ≤ vLSR ≤
+215 km s−1 towards DI 1388 and that the gas at +140 km s−1
has a higher ionization fraction than the gas at +175 km s−1
towards the DGIK 975 sightline. The Hα and H I spectra
towards these two early-type stars are displayed in Figure 12
Warm Ionized Gas Revealed in the Magellanic Bridge 11
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Fig. 11.— H I column density sub-maps illustrating the substructure of the
neutral gas within within one WHAM beam. The emission along these three
sightlines produces Hα and H I spectra that differ in component structure
when the H I is smoothed to the same angular resolution. Panels a.1–3 include
the H I Bridge emission at (294.◦5,−36.◦0) (see Figure 10d), panels b.1–3 in-
clude emission towards early-type star DI 1388 at (291.◦2,−41.◦3) (see Figure
12a), and panels c.1–3 include emission towards early-type star DGIK 975
at (287.◦2, -36.◦1) (see Figure 12b). Panels a–c.1 integrate the emission vLSR
from +100 to +300 km s−1, panel a.1 from +100 to +175 km s−1, b–c.2 from
+100 to +200 km s−1, a.3 from +175 to +300 km s−1, and b–c.3 from +200 to
+300 km s−1. The regions used to produce these spectra are outlined within
the large black circles, depicting the WHAM beam size.
where the center of the H I components are marked with green
and the positions of the UV-absorption features are marked
with purple. The lack correlation of the UV-absorption with
the Hα and H I emission at +140 km s−1 in the DGIK 975
sightline suggests this component is highly ionized and pos-
sibly influenced by a different process or is exposed to more
ionizing flux than the gas at +175 km s−1, which aligns with a
bright Hα emission line.
Both the DI 1388 and DGIK 975 sightlines have Hα emis-
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Fig. 12.— Comparison of non-extinction corrected Hα intensity (red), H I
column density (black), and UV-absorption species. The dotted Gaussians
trace individual Hα components; the dashed line is the sum of these com-
ponents. The green markings indicate the center position of H I emission
features and the purple markings indicate the location of known absorption
features. The region highlighted in gray represents the location that the bright
OH line was removed, marked as (ii) in panel (a) of Figure 3; unfortunately,
this study is insensitive to faint Hα emission in this gray region as this emis-
sion could easily be subtracted during the OH line removal. Emission towards
early-type star DI 1388 is shown in panel (a) at (291.◦2,−41.◦3), early-type star
DGIK 975 in panel (b) at (287.◦2,−36.◦1), and towards background quasar
PKS 0312-77 in panel (c) at (293.◦5,−37.◦4). Lehner et al. (2008) found that
the sightline DI 1388 is mostly ionized at +165 ≤ vLSR ≤ +193 km s−1
and partially ionized at +193 ≤ vLSR ≤ +215 km s−1. Sightline DGIK 975
has two absorption features at +140, +175 km s−1, where the higher velocity
component is more neutral; both of these sightlines are towards early-type
stars. The PKS 0312-77 sightline, towards a background quasar and shown
in panel (c), has absorption features at +160, +200, +240, and +310 km s−1
(N. Lehner, private communication).
sion below +200 km s−1 that is absent in the averaged H I
spectra in Figure 12(a–b). Figure 11(b–c.1–3) includes mini
H I emission maps of the region used to produce these H I
spectra. Both of the low channel maps contain subregions
with bright H I emission within the averaged 1◦ region that
become dilute when averaged with the surrounding faint emis-
sion. These figures illustrate that—although the Hα observa-
tions excel at mapping the large scale structure of this diffuse
Bridge—the small scale details of the ionized gas are unre-
solvable and might vary greatly within one WHAM beam as
seen in the H I.
5.2. Hα Intensity and H I Column Density
The global morphology of the Hα and H I emission agree
(see Figure 7). The regions near the Magellanic Clouds be-
have similarly in H I and Hα. Between the galaxies, both
the Hα intensity and H I column densities decrease substan-
tially. Figure 13(a) compares the H I column density and non-
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Fig. 13.— The Hα intensity verses the H I column density, integrated over
from +100 to +300 km s−1. Panel (a) includes a comparison towards all of
the sightlines of the Hα map, shown in Figure 7b. The open-gray diamonds
signify values with IHα < 0.03 R and NH i < 1.6 × 1018 cm−2, the detection
sensitivity as indicated by the dashed lines. Panel (b) is the same as panel (a),
but only includes sightlines towards the inner region (black diamonds) and
the SMC-Tail (gray squares). Panel (c) maps the log IHα/ log NH i line ratio
across the Magellanic Bridge.
extinction corrected Hα intensity for each sightline in the en-
tire region of this survey over +100 ≤ vLSR ≤ +300 km s−1.
The gray dashed lines and the corresponding gray, open dia-
monds mark where measurements fall below the sensitivity of
WHAM or the GASS H I survey. The sensitivity of our sur-
vey is IHα ≃ 30 mR between +100 ≤ vLSR ≤ +240 km s−1 but
raises to IHα ≃ 40 mR between +240 ≤ vLSR ≤ +275 km s−1
due to the increased noise from the subtraction of the bright
OH line at vgeo = +272.44 km s−1. The sensitivity of the
GASS H I survey is NH i = 1.6 × 1018 cm−2 at a width of
30 km s−1 (McClure-Griffiths et al. 2009).
There is a strong correlation between log NH i and log IHα
in Figure 13(a) at high NH i and IHα. Figure 13(b) separates
the SMC-Tail and the Magellanic Bridge into two groupings.
The strength of the faint emission from the neutral and ion-
ized gas in the Bridge, represented as black diamonds, show
little to no correlation. Here, changes in Hα intensity may be
due more to changes in the ionization fraction or to the frac-
tion of ionized regions along the line-of-sight and not to the
total column of gas. In the Magellanic Bridge, the Hα often
has an additional emission feature that is unrelated to the H I
emission when smoothed to the same angular resolution, as
shown in Figure 10(d) and discussed in Section 5.1. This lack
of agreement between the strength of the H I and Hα emis-
sion is also observed in HVCs, even when the number and
location of H I and Hα components agree (e.g., Haffner et al.
2001; Putman et al. 2003a: Figure 3; Haffner 2005: Figure 4;
Barger et al. 2012: Figure 6).
In the SMC-Tail region, log NH i and log Hα track each
other and are marked as grey squares in Figure 13. This be-
havior suggests that the neutral and ionize gas phases in these
regions are affected by similar processes, that these gas phases
influence each other, or that they are well mixed. Figure
13(c) shows that the LMC-Magellanic Bridge interface also
behaves similarly with the Hα intensity and H I column den-
sity both increasing towards the Magellanic Clouds. The in-
creasing line-of-sight depth towards the SMC and LMC could
cause the emission from both the neutral and ionized gas to
increase even if the gas density stays constant. Such a strong
trend is not typical of HVCs suggesting that the presence of
either star-formation sites or the adjacent galaxies influence
this trend.
Both the SMC-Tail and the LMC-Magellanic Bridge inter-
faces have correlated H I and Hα emission. These interface
regions are undergoing more star formation than the central
region of the Bridge. This could mean that either the star-
formation rate in the Bridge is either too low to produce a
correlation between these lines or that other processes cause
this effect. An alternative affect could be related to the ioniz-
ing photons that escape from the Magellanic Clouds. These
galaxies are only expelling a small fraction of their ioniz-
ing radiation into their surrounding ( fesc, LMC < 4.0% and
fesc, SMC < 5.5%; see results presented in Section 7.2). The
close proximity of the SMC-Tail and the LMC-Magellanic
Bridge interface with this ionizing source combined with the
high H I column density of these regions, compared to typical
HVCs (NH i, HVC . 1018 cm−2), may cause most of the escap-
ing ionizing photons to be absorbed before reaching the inner
region of the Bridge. The lower incident ionization from the
surrounding galaxies could reduce the H I and Hα relation-
ship within the Bridge.
6. DISTRIBUTION AND MASS OF THE IONIZED GAS
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TABLE 3
Neutral and Ionized Properties
Neutral Properties Ionized Skin (ne = n0) Ionized Skin (ne = 12 n0) Mixed (LH+=LH i)
Region log 〈NH i〉 MH0 log LH i log 〈n0〉 〈EM〉a,b log LH+ a,b MH+ a,b log LH+ a,b MH+ a,b log 〈ne〉a,b MH+ a,b
[ cm−2] [106 M⊙] [kpc] [ cm−3] [10−3 pc cm−6] [kpc] [106 M⊙] [kpc] [106 M⊙] [ cm−3] [106 M⊙]
Inner Regionc 20.2 123 3.6 −1.9 328 3.1 68 5.3 135 −2.1 104
H i SMC-Tailc 20.6 202 3.3 −1.2 487 2.0 16 2.6 31 −1.8 63
Hα SMC-Tailc 20.7 125 3.3 −1.0 962 1.8 7.1 2.5 14 −1.7 34
a The average IHα extinction correction factor is 1.2, corresponding to log 〈NH i〉 = 20.7 ± 16.8 cm−2 and A(Hα) = 0.22 mag (see Equation 2).
b Assumes an electron temperature of 104K.
c Regions defined by a polygon with the following corners: l=(289.◦0, 283.◦0, 289.◦0, 297.◦0) and b=(−30.◦2,−38.◦0,−43.◦0,−35.◦0) for the inner region, l=(301.◦8, 295.◦9, 289.◦1, 295.◦7) and
b=(−39.◦4,−36.◦2,−43.◦0,−46.◦5) for the H i SMC-Tail, and l=(300.◦5, 294.◦5, 292.◦0, 297.◦0) and b=(−41.◦0,−39.◦5,−42.◦0,−45.◦0) for the Hα SMC-Tail. The boundaries for these regions are dis-
played in Figure 1.
The velocity distribution of the H I and Hα emission from
the SMC-Tail and the central region of the Magellanic Bridge
suggests the presence of morphologically distinct structures
with different ionization fractions. In Section 5.1, we dis-
cussed regions in the SMC-Tail with bright Hα emission that
coincides with the fainter H I velocity component. There
are also regions in the central Bridge where the Hα emission
lacks a complementary H I component (e.g., the slightlines
shown in Figure 8). Lehner (2002) and Lehner et al. (2008)
also identified multiple absorption features in the central re-
gion of the Magellanic Bridge with different fractions of ion-
ization. Then these components would likely exist at different
gas densities and pressures, indicating that the source of the
ionization does not uniformly affect the distinct components.
The Magellanic Bridge has an unknown morphology and
distribution along the line-of-sight. The depth of the ionized
gas in a distinct structure depends on the distribution of the
ionized gas, which could be well-mixed with the neutral gas
or separated from the neutral gas. If distributed in an ionized
skin, that skin could be either in pressure equilibrium or pres-
sure imbalance with its neutral component. This distribution
will depend on the processes influencing the gas.
If the neutral and ionized gas are well mixed, then the line-
of-sight depth of the components are equal. If instead the
neutral and ionized components are separated, but in pressure
equilibrium, then electron density of an ionized skin would
equal half the neutral hydrogen density (Hill et al. 2009). Be-
cause the emission rate of Hα is proportional to the recombi-
nation rate, IHα = (4π)−1
∫
αB(T ) ǫHα (T ) ne np dlH+ , the depth
of the ionized of a structure with a constant electron density
and temperature over the emitting region can be written as
LH+ = 2.75
( T
104K
)0.924 ( IHα
R
) (
ne
cm−3
)−2
pc, (4)
where np ≈ ne and the probability that the recombination
will produce Hα emission is ǫHα (T ) ≈ 0.46
(
T/104 K
)−0.118
.
This relationship assumes that the gas is optically thick to
ionizing photons such that the recombination rate is αB =
2.584 × 10−13
(
T/104 K
)−0.806
cm3 s−1 (Martin 1988).
Determining the total mass of the Magellanic Bridge helps
to quantify the amount of baryons that have been stripped
from the Magellanic Clouds, to explore the effects that the
gas removal has on the evolution of these galaxies, and to
provide insight on the future of this tidal remnant. The dis-
tance, the morphology along the line-of-sight, and the distri-
bution of ionized and neutral gas dominate the uncertainty of
a mass estimate. The uncertainty further increases for the dif-
fuse Bridge over the +240 ≥ vLSR ≥ +275 km s−1 velocity
range as the sensitivity of the Hα survey decreases due to en-
hanced residuals associated with a bright OH atmospheric line
(see Section 3.2.2). We assume a distance of 55 kpc, average
physical conditions along the whole line-of-sight, and three
different gas distributions. The three gas distributions con-
sidered include an ionized skin in pressure equilibrium with
its neutral component, an ionized skin in pressure imbalance
with its neutral component, and a fully mixed cloud without
an ionized skin. For simplicity, when determining the density
of the neutral and ionized gas, we assume that the H I line-of-
sight depth is similar to the width of the Magellanic Bridge.
These oversimplified assumptions exclude many effects that
will cause the calculated mass to differ from the actual mass
of the Magellanic Bridge: (1) The distance to the Magellanic
Bridge varies from roughly 50 to 60 kpc from the SMC to the
LMC. (2) There are multiple components along many of the
sightlines that could exist at different densities and ionizations
as discussed in Section 5.1. (3) The distribution of the neutral
and ionized gas could differ between components. To more
accurately determine the mass of the ionized gas, a statisti-
cal analysis of the Hα velocity components should be done to
to identify morphologically distinct structures and to estimate
the density and ionization fraction of the gas, but this analysis
is beyond the scope of this first study. Upcoming multiline
observations will aid in the recovery missing velocity com-
ponents due to bright atmospheric OH line residuals over the
velocity range +240 ≤ vLSR + 275 km s−1 and in discerning
changes in the physical conditions among components. Here
we use our first full survey of the ionized gas to provide a
rough estimate of the mass. Note that the calculated mass will
exclude the mass of extremely ionized structures (e.g., Lehner
2002 and Lehner et al. 2008) where any Hα emission is below
our sensitivity.
We calculated the mass of the ionized gas as MH+ =
1.4mHneD2ΩLH+ , where Ω is the solid angle, D is the dis-
tance from the Sun, mH is mass of a hydrogen atom, and the
factor of 1.4 accounts for helium. The integral of the square
of the electron density over the path length of ionized gas,
also known as the emission measure
(
EM ≡
∫
n2edl
)
, affects
the strength of the Hα emission. Using Equation 4 for the
line-of-sight depth of the ionized gas, the EM becomes
EM = 2.75
( T
104K
)0.924 ( IHα
R
)
cm−6 pc. (5)
Using Equation 5, the mass of the ionized gas within a 1◦ cir-
cular beam—the angular resolution of the Hα observations—
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becomes (Hill et al. 2009)
(
MH+
M⊙
)
beam
= 8.26
(
D
kpc
)2 ( EM
pc · cm−6
) (
ne
cm−3
)−1
. (6)
We calculated the mass of the neutral gas as MH0 =
1.4NH iΩD2. As in the equation for the MH+ , the factor of
1.4 accounts for helium.
To determine the mass of the gas connecting the Magellanic
Clouds, we partitioned this structure into three regions: the
Magellanic Bridge, the H I SMC-Tail, and the Hα SMC-Tail
(see Figure 1). We chose to separate the SMC-Tail into two
regions because they have very different H I and Hα distri-
butions and likely different ionization fractions. Table 3 lists
the calculated masses for each region and their corresponding
properties. Because the Hα emission likely emanates from
within the SMC-Tail and not solely from behind, the SMC-
Tail extinction corrected mass represents an upper limit. Ap-
plying the full SMC-Tail extinction correction increases the
mass of the ionized gas by up to 7% (see Table 2).
Combining the results for the inner region and the SMC-
Tail, the total ionized gas mass for the Magellanic Bridge
ranges from (0.7 − 1.7) × 108 M⊙, using the three gas distri-
butions described above—compared to 3.3 × 108 M⊙ for the
neutral mass. Note that the slight difference in neutral mass
determined in this study and the 2.5×108 M⊙ (MH0 = 1.4MH i)
found by Bru¨ns et al. (2005)—which also used observations
from the Parkes Magellanic System H I survey—is due to a
different definition of the spatial region that encompasses the
Magellanic Bridge over a slightly different velocity range. We
extend our spatial region to incorporate a larger latitude range
and more of the SMC-Tail. We selected our velocity cov-
erage, +100 to +300 km s−1, to avoided Galactic and LMC
contamination, as opposed to the +110 to +320 km s−1 used
in Bru¨ns et al. (2005). The large range in the ionized mass
estimate is due to the unknown gas distribution as the neutral
and ionized gas distribution that affects both the line-of-sight
depth and the density. Identifying the processes influencing
this gas, including the source of ionization, will help narrow
this range.
7. SOURCE OF THE IONIZATION
The Magellanic Bridge contains a substantial amount of
ionized gas. Both photoionization and collisional ionization
processes might contribute to the ionization of this struc-
ture. Sources of photoionization include the extragalactic
background, escaping ionizing radiation from the surrounding
galaxies (i.e., Milky Way and Magellanic Clouds), and early-
type stars within the Bridge. Sources of collisional ionization
may include ionization induced by galaxy interactions (e.g.,
turbulent mixing, ram-pressure stripping, and tidal shocks),
strong stellar winds, and supernova explosions. While the Hα
observations are sensitive to very faint levels of surface bright-
ness, the intrinsic angular resolution is very low. As a result,
we are unable to resolve any contribution from compact (e.g.,
stellar) sources.
The source of the ionization influences the distribution of
the neutral and ionized gas. Although the Hα emission traces
ionized gas and the source of the ionization, definitively iden-
tifying which processes affect the Magellanic Bridge requires
multiline observations as different ionization sources produce
emission and absorption lines of different relative strengths.
A future work will use [N II]λ6583 and [S II]λ6716 WHAM
observations of the entire Magellanic Bridge and SMC-Tail to
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Fig. 14.— Schematic of the elliptical annuli used to bin the Hα intensity
radially from the LMC and SMC centers. The spacing depicted between
each ring is exaggerated from the actual spacing (0.◦3) used to determine the
mean and median Hα intensity values. The LMC annuli is characterized by
PA = 168.◦0 and i = 22.◦0 and expands from the H I disk center at (l, b) =
(279.◦5,−33.◦5) (Kim et al. 1998). The SMC annuli is circular, where both
PA = 0.◦0 and i = 0.◦0, and expands from (l, b) = (301.◦0,−44.◦0); we chose
a circular annuli because the H I gas has a random distribution that lacks a
disk morphology (Stanimirovic´ et al. 2004). The dashed gray, elliptical lines
trace the complete elliptical pattern around each galaxy; the curved, black
lines that overlap these gray lines mark the region covered by this survey.
The PA of each galaxy is represented by solid black lines that diverge from
the vertical axis.
explore the physical conditions of the gas and to discriminate
between different sources of ionization.
Hα emission arrises from the recombination of electrons
and protons in an ionized gas. When the ionization is pro-
duced through photoionization, the rate of hydrogen recom-
bination will be proportional to the flux of the incident Ly-
man continuum : φLC = αB nenpLH+ . Using Equation (4)
for LH+ and the hydrogen recombination coefficient for a gas
optically thick to Lyman continuum radiation, αB = 2.584 ×
10−13 (T/104 K)−0.806 cm3 s−1 (Martin 1988) (the H I column
density of the Bridge is greater than 1018 cm−2), this relation-
ship becomes
φLC = 2.1 × 105
( IHα
0.1R
) ( T
104K
)0.094
photons cm−2 s−1. (7)
Assuming a constant temperature of T = 104 K, the Hα emis-
sion is then proportional to the strength of the incident ion-
izing flux. The photoionization sources we explore include
the extragalactic background, the Milky Way, the Magellanic
Clouds, and the OB stellar population within the Bridge.
We calculated the strength of an incident ionizing flux that
is capable of reproducing the Hα observations by determining
the mean and median values of the Hα intensities along ellip-
tical rings expanding outwards, defined by the position angle
(PA) and the inclination (i) of the SMC and LMC disks (see
Figure 14). For the LMC, we defined the shape of the expand-
ing rings by PA = 168.◦0 and i = 22.◦0 and a center annuli
of the H I disk at (l, b) = (279.◦5,−33.◦5) (Kim et al. 1998).
Because the H I gas distribution in the SMC is randomly ori-
entated with no real disk shape (Stanimirovic´ et al. 2004), we
chose circular expanding annuli characterized by PA = 0.◦0
and i = 0.◦0 with a disk center at (l, b) = (301.◦0,−44.◦0). Fig-
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Fig. 15.— Schematics of the LMC and SMC orientation. Panel (a) depicts
the geometry of the system, where the SMC and LMC are at a heliocen-
tric distances of ∼ 60 kpc and ∼ 50 kpc, respectively, and are separated by
∼ 18.9 kpc. Panel (b) illustrates the tilt of the two galaxies with respect
to each other—such that the opposite sides of their disks illuminate each
other—and the observer. The O and B stellar populations within the disks
of these galaxies produce the majority of the Lyman continuum emitted by
these galaxies.
ure 15 displays the schematics orientation of the Magellanic
Clouds with respect to each other and to the observer, illustrat-
ing the different path lengths the emission travels from each
galaxy and that the two galaxies illuminate each other. We
separated each elliptical ring by 0.◦3 to ensure full coverage
and only include sightlines with with emission above the sen-
sitivity of this Hα survey (IHα > 0.3 R) and of the GASS
H I 21- cm survey (NH i > 1.6 × 1018 cm−2 at FWHMH i =
30 km s−1) to exclude regions beyond the Bridge that might
contain only trace amounts of hydrogen. We merged the cal-
culated intensity values along each of the two expanding el-
lipses at the center of the SMC and LMC with their weighted
averages. For warm gas at 104 K, Figure 16 shows the ioniz-
ing flux needed to produce the observed Hα emission in the
Magellanic Bridge as a function of distance and angular dis-
placement from the center of the Bridge.
7.1. Photoionization from the Milky Way and Extragalactic
Background
Bland-Hawthorn & Maloney (1999, 2001) modeled the
ionizing flux radiating from the Milky Way by assuming
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Fig. 16.— Predicted incident ionizing radiation between the Magellanic
Clouds based on the observed Hα intensity observations of the Magellanic
Bridge with T = 104 K (see Equation 7). The mean values are displayed
with open circles and the median values with open squares. Typical devi-
ations for weighted mean values are less than 0.5% and less than 15% for
the median values. The vertical dashes indicate the center location of the
SMC (assumed to be l = 302◦ , b = −44◦ , d = 60 kpc), LMC (assumed
to be l = 278◦ , b = −32◦ , d = 50 kpc), and the Magellanic Clouds. The
horizontal dash line labels the Lyman continuum flux from the extragalac-
tic background (Haardt & Madau 2001). The dash-dot-dot-dot line marks
the contribution of the Milky Way (Bland-Hawthorn & Maloney 1999, 2001)
and extragalactic ionizing flux where contribution is log ΦMW+EGB = 4.73
and 4.59 photons cm−2 s−1 at the center of the SMC and LMC, respectively.
that the 90-912 Å radiation is dominated by O-B stars con-
fined to spiral arms and later updated that model in Fox et al.
(2005). This updated model predicts an incident ionizing
flux of log (ΦMW/[photons cm−2 s−1]) = 4.33 at the cen-
ter of the SMC (l = 301◦, b = −44◦, d = 60 kpc) and
log(ΦMW/[photons cm−2 s−1]) = 3.80 at the center of the
LMC (l = 279.5◦, b = −33.5◦, d = 50 kpc). Haardt & Madau
(2001) predict that the ionizing flux from the extragalac-
tic background radiation is log(ΦEGB/[photons cm−2 s−1]) =
4.51 by assuming that the radiation is dominated by quasi-
stellar objects, active galaxy nuclei, and active star forming
galaxies.
If photoionization is the only source of the ionization, then
the incident ionizing radiation required to produce the typ-
ical Hα intensities in the central regions of the Magellanic
Bridge is roughly log(ΦLC/[photons cm−2 s−1]) = 5.46, as-
suming the gas is at T = 104 K (see Figure 16). The pho-
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toionization from the Milky Way and the extragalactic back-
ground, roughly log(ΦLC/[photons cm−2 s−1]) = 4.63 at the
center of the Magellanic Bridge, are insufficient to produce
the Hα emission alone (see Figure 16). Additional ionization
must therefore come from alternative sources, including the
Magellanic Clouds. If the Lyman continuum flux from the
Magellanic Clouds dominates the ionization, then the Hα in-
tensity traces the fraction of ionizing photons escaping from
these galaxies.
7.2. Photoionization from the Magellanic Clouds
The Magellanic System provides us with an excellent op-
portunity to establish fesc for two local dwarf galaxies. If
Lyman continuum radiation from the Magellanic Clouds is
responsible for producing most of the ionization within the
Magellanic Bridge, then the Hα emission is a direct mea-
surement of the propagation of the ionizing radiation through
this structure, see Equation (7). The LMC and SMC are
at distances of roughly 50 kpc and 60 kpc respectively.
Their measured star-formation rates are 0.4 and 0.2 M⊙ yr−1
(Harris & Zaritsky 2009) and both galaxies have well defined
orientations with respect to each other and as observed from
Earth (see Figure 15). We follow the model procedures of
Bland-Hawthorn & Maloney (1999, 2002) in deriving the ion-
ization levels in the outer disks of the LMC and SMC from
their own interval UV sources and from the contribution to
the mean field intensity by the other.
In the Galaxy, the total ionizing photon intensity is 2.6 ×
1053 photons s−1 from a disk-averaged star-formation rate of
2 ± 1 M⊙ yr−1 (Williams & McKee 1997). A similar ratio of
star-formation rate to ionizing photon luminosity (ξ) has been
measured for M82 (McLeod et al. 1993). While ξ may de-
pend on the mean metallicity of the stellar population (e.g.,
Schaerer 2002), we stress that our results are mostly indepen-
dent of metallicity because our star-formation rates are de-
rived from the Balmer-line intensities.
In Figure 16, we present two models for the Hα intensi-
ties derived from the outer disks of the LMC and SMC. The
data for both galaxies have been binned along annuli cen-
tered at each galaxy as described by Section 7. We show both
the mean and median Hα values in each annulus to demon-
strate the impact of clumpiness. In our models, we have cor-
rected for the 20% larger distance for the SMC, which largely
accounts for the faster drop-off in its emission compared to
the LMC, leading to the well pronounced skewing of the U-
shaped profile.
In the first model, we assume that the UV intensity arises
from an inner disk of ionizing sources without the need for
radiation transfer. Our conversion from ionizing flux to Hα
intensities uses Equation 7, assuming T = 104 K. The first
model produces an fesc of approximately 3% for the LMC
and 4% for the SMC. A more complicated variation of this
model model, one that treats the outer HI disk as a warped
structure, works less well (e.g., Bland-Hawthorn 1998). The
fact that the first model works so well may reflect the dis-
tributed nature of the young stellar populations and the highly
clumpy (fractal) nature of the ISM in both galaxies (e.g.,
Stanimirovic et al. 1999).
The second model is a repeat of the first model, but includes
the ionizing effect of the other galaxy, i.e., the contribution
of the LMC UV intensity on the outer disk of the SMC, and
vice versa (see Figure 15(b)). We assume the locations in 3-
space of both galaxies place them at both ends of an invisible
cylinder 10 kpc in length. This reduces fesc, LMC to 2.5% and
 
-46
-44
-42
-40
-38
-36
-34
-32
-30
302 297 292 287 282
10-2
10-1
100
101
El
ev
at
ed
 H
α
 
In
te
ns
ity
 [R
]
-1.4
-1.1
-0.8
-0.6
-0.3
-0.0
(N
UV
-V
) 0 
[m
ag
]
Galactic Longitude [Degrees]
G
a
la
c
t
ic
 
La
t
it
u
de
 
[D
e
g
r
e
e
s
]
Fig. 17.— Regions with elevated Hα emission—compared to the neighbor-
ing sightlines—and location of the O and B stars in the Magellanic Bridge,
identified through photometry and proper motions (Casetti-Dinescu et al.
2012). The shade of the blue circles denote the (NUV −V)0 color of the stars
(D. I. Casetti-Dinescu, private communication). We created the elevated Hα
emission map using the unsharp mask technique, where the smoothed image
is divided by the original image. The contour lines in trace the non-extinction
corrected Hα intensity at 0.03 and 0.16 R.
fesc, SMC to 2.8%. Since this value is close to the estimate
derived for the first model, we conclude that fesc, LMC ≈ 3.0 ±
1.0% and fesc, SMC ≈ 4.0 ± 1.5% with a remarkable level of
consistency between both methods, which does account for
the uncertainty in ξ.
These models assume that photoionization is the dominant
source of ionization of the Bridge. If other ionization pro-
cess also affect the Magellanic Bridge, then fesc would de-
crease. The dominant source of uncertainty in these fesc es-
timates is in the uncertainty in the relative positions and ori-
entations of these galaxies. This translates into a less cer-
tain galaxy-galaxy ionization effect. We therefore deduce that
fesc, LMC < 4.0% and that fesc, SMC < 5.5%.
7.3. Photoionization from the O and B stellar population
within the Magellanic Bridge
There are many pockets of elevated Hα emission within
the Bridge that could be associated with star-formation sites.
Multiple studies have identified early-type stars in the direc-
tion of the Magellanic Bridge (Westerlund & Glaspey 1971;
Grondin et al. 1990; Irwin et al. 1990; Demers & Irwin 1991;
Demers et al. 1991; Grondin et al. 1992; Battinelli & Demers
1998; Demers & Battinelli 1998, 1999; Harris 2007;
Casetti-Dinescu et al. 2012); however, many of the studies
do not distinguish A stars from the O and B stars—which
produce the majority of the ionizing photons—or identify the
foreground stars in their sample. The Casetti-Dinescu et al.
(2012) study uses proper motions from the Southern Proper
Motion Program 4 (SPM4) to select the stellar population of
the Bridge, excluding foreground stars, and uses photometry
from the Galaxy Evolution Explore survey (GALEX), the
Two Micron All Sky Survey (2MASS), SPM4, and the
American Association of Variable Star Observers All Sky
Photometric Survey (APASS) to identify O and B stellar
candidates. Followup spectroscopy of these candidates is
still needed to confirm and place further constraints on their
stellar types. The coverage of their survey spans the entire
region of this Hα study.
We compare the regions of elevated Hα emission with lo-
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cation of the Casetti-Dinescu et al. (2012) O and B candidates
to test if they are associated with star-formation sites, as illus-
trated with Figure 17. We quantify the elevated Hα emis-
sion by creating comparing the local emission with the sur-
rounding emission through the unsharp-masked technique—
creating smoothed Hα map to half the angular resolution and
dividing this smoothed map by the original map shown in Fig-
ure 7(b). Figure 17 also includes the (NUV − V)0 GALEX
color for each of the candidates to indicate which stars emit
more ionizing radiation and are therefore earlier-type stars.
We find that although some O and B candidates do align with
regions of elevated Hα emission, many locations—especially
those outside 1020 cm−2 H I contour—shows no such cor-
relation. The locations lacking in correlation could be ex-
plained if the gas is extremely ionized or low density, al-
though these conditions are less conducive of star formation.
If the regions of the Bridge at more positive latitudes have
a low density, then the cluster of three early-type stars near
(l, b) = (296◦,−31◦) might be responsible for the latitude off-
set of the Hα emission from the H I emission (see Section 4),
but this offset could also be caused by halo-gas interactions
or by shadowing effects associated with the orientation of the
Bridge with respect to the Magellanic Clouds.
Dove & Shull (1994) found that OB associations near the
solar circle produce roughly (3−4)×1049 ionizing photons s−1.
If the OB associations within the Magellanic Bridge produce
∼ 1049 ionizing photons s−1 and if the gas is at 104 K, then
the OB associations within 1 kpc would elevate the Hα emis-
sion by 0.16 R, using Equation 7 to convert the ionizing flux to
Hα intensity. However, some of the ionizing radiation will es-
cape from the Bridge before ionizing the surrounding gas. For
example, Bland-Hawthorn & Maloney (1999, 2001) estimate
that 6% of the ionizing photons of the Milky Way escapes into
the halo and Section 7.2 estimates that < 4% of the Lyman
continuum escapes from the LMC into the surroundings and
that < 5.5% escapes from the SMC. The low H I column den-
sity and dust content of the Bridge would likely make this re-
gion more susceptible to losing ionizing radiation. Turbulence
can also increase the ionization radiation that escapes from an
OB population in the Bridge (e.g., Wood et al. 2010). The
sparsity of the O and B stellar populations in the central re-
gions of the Bridge might result in only a marginal increase in
Hα emission. However, if these OB associations substantially
increase the temperature of the gas, then the efficiency of pro-
ducing Hα emission will decrease as IHα ∝ (T/104 K)−0.924,
see Equation (4). In the SMC-Tail, the combination of high
H I column density and high density of O and B stars will lead
to enhanced Hα emission.
8. IMPLICATIONS OF THE IONIZED GAS
The fraction of UV photons fesc that escape from galaxies
has long been recognized as an important physical quantity to
measure. At high redshift, the cosmic fog of neutral hydro-
gen was ionized by either stars or black holes depending on
the relative escape fractions of ionizing radiation with the ev-
idence in favor of stars at present (Bromm & Yoshida 2011).
At low redshift, the cosmic ionizing intensity conceivably ex-
plains the well defined truncation observed in spiral galaxies
(Bochkarev & Sunyaev 1977; Maloney 1993).
In the local universe, there are few reliable measurements of
fesc because favorable geometries are called for to make this
possible. Bland-Hawthorn & Maloney (1999) initially used
the Magellanic Stream as a probe of the Galactic UV field un-
til it was later discovered that in certain locations along the
Stream, the Hα is too bright. The high-velocity cloud popula-
tion clearly establish the vertical escape fraction as ≈ 6% or ≈
1−2% isotropized over a sphere (Bland-Hawthorn & Maloney
2002; Putman et al. 2003a; Tufte et al. 2002). Lehnert et al.
(1999) determined fesc of order a few percent from a minor
axis cloud in the outer halo of M82 (the so-called ‘cap’), but
this was derived from averaging the Hα emission from the
cloud over its extent. Similar to the early Magellanic Stream
estimates, individual clumps within the ‘cap’ are now found to
be much too bright to be explained by the central starburst. In-
terestingly, for both the M82 cap and the Magellanic Stream,
the bright clumps can be explained in terms of slow shocks
being driven into dense clumps by a fast ‘wind’ of hot gas
(Bland-Hawthorn et al. 2007; Matsubayashi et al. 2012).
There exists a small sample of dwarf starburst galaxies with
estimates for fesc: NGC 5253 and Haro 11. NGC 5253 has an
advantageous orientation with respect to the Milky Way, al-
lowing for estimates of the fesc along the minor axis of the
galaxy. Zastrow et al. (2011) associate this minor axis with
an ionization cone where the majority of ionization radia-
tion escapes. If the majority of the escaping ionization radia-
tion funnels through this cone, then fesc ≈ 3% (S. Veilleux,
private communication). The fesc of blue compact galaxy
Haro 11—an extreme starburst dwarf—has been studied by
three separate groups, each with considerably varied results.
Combining International Ultraviolet Explorer (IUE) space-
craft and FUSE observations Bergvall et al. (2006) predict a
4−10% fesc and conclude that the Lyman continuum radiation
escapes through transparent windows of the ISM. Using all
three channels on the ACS on HST—covering far-UV, 2200-
and U band, and optical wavelengths—the New Technology
Telescope at ESO La Silla to collect Hα, Hβ, and [O III]
narrow-band images, and archival X-ray Chandra and XMM-
Newton telescopes observations, Hayes et al. (2007) found a
3% fesc. They conclude that ∼ 90% of the ionizing photons
undergo multiple resonance scattering events, masking their
origin. Grimes et al. (2007) found no direct connection be-
tween outflows and escaping ionizing radiation, placing an
upper limit of fesc ≤ 2% using FUSE and Chandra observa-
tions. The contribution of ionizing photons that dwarf galax-
ies expel into their surroundings has yet to reach a resolution.
The circumgalactic gas structures surrounding the Magel-
lanic Clouds provide a unique avenue for studying the ioniz-
ing radiation expelled from the Magellanic Clouds. The ioniz-
ing radiation from the Milky Way and the extragalactic back-
ground is insufficient for producing the observed Hα emission
in the Bridge. If the radiation from the Magellanic Clouds
dominates the ionization in the Bridge, then the Hα emission
traces the ionizing photons emitted by these galaxies. This
study provides an upper limit on the fraction of escaping ion-
izing photons from the Magellanic clouds as other process
may also contribute to the ionization in the Bridge. These up-
per limits constrain the contribution of ionizing photons in the
extragalactic ionizing background that similar dwarf galaxies
generate. In this way, the estimate of the fesc emitted by the
LMC and SMC can anchor cosmological simulations working
to identify the sources of the Lyman continuum of the extra-
galactic background from the epoch of reionization to today.
Besides ionizing photons, the disturbed galaxies also expel
baryons into their surroundings. The Magellanic systems are
surrounded by 6.8×108 M⊙ of neutral gas (Bru¨ns et al. 2005).
The Hα observations of the Magellanic Bridge reveal a warm
ionized gas phase along the entire structure (see Figure 7(b)).
In Section 6, we found that the Magellanic Bridge and the
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SMC-Tail contain roughly (0.7 − 1.7)×108 M⊙ in ionized gas
and 3.3 × 108 M⊙ in neutral gas (see Table 3). These masses
suggest that the Magellanic Bridge and the SMC-Tail have
a minimum ionization fraction of 36 − 52% and 5 − 24%,
respectively; however, these mass estimates are insensitive to
the faintest and lowest density regions (NH i < 1.6×1018 cm−2
and IHα < 0.3 R) as well as the extremely ionized gas. FUSE
absorption-line observations towards two early-type stars and
a background quasar identified components of highly ionized
gas, with ionization fractions of 70 − 90%, within the Bridge
(Lehner et al. 2008). The inclusion of these highly ionized
components make this structure more massive and would raise
the ionization fraction of the total structure.
The displacement of (4.0 − 5.0) × 108 M⊙ of neutral and
ionized gas mass from the Magellanic Clouds, into the Mag-
ellanic Bridge, will have repercussions on the future evolu-
tion of these galaxies that would, in all likelihood, stunt fu-
ture stellar production if the material escapes the system. In-
cluding the additional neutral mass of the other circumgalac-
tic gas structures of the Magellanic System, as determined
by Bru¨ns et al. (2005), the Magellanic Clouds have lost at
least (7.5 − 8.5) × 108 M⊙ in gas. If these other circum-
galactic structures were only 25% ionized, then the total gas
currently surrounding the Magellanic Clouds would exceed
109 M⊙. Hα emission-line observations towards the Mag-
ellanic Stream reveals that this structure does have a warm
ionized gas phase (Weiner & Williams 1996; Putman et al.
2003a; Yagi et al. 2012; G.J. Madsen, private communication)
and O VI absorption-line observations reveal a highly ionized
component (Sembach et al. 2003; Fox et al. 2010), which in-
creases ionization fraction of the structure and the total gas
mass these galaxies have lost.
The galaxy interactions could also induce ionization of the
Magellanic Bridge. The dissimilar distribution of NH i and
IHα distribution in the SMC-Tail and in the Magellanic Bridge
(see Figure 13(c)) suggests either that different sources ionize
these structures, that they have extremely different structures,
or a combination of both. In the SMC-Tail, 163 H I shells
have been observed with 60% of them lacking an OB asso-
ciations (Muller et al. 2003). The presence of the H I shells
and active star formation could indicate that this region suffers
from a combination of gravitational and pressure instabilities
caused by high-velocity cloud impacts or ram pressure effects
(Muller et al. 2003), which would heat the gas and could trig-
ger star formation. This may have created an environment ripe
for the propagation of ionizing photons through the creation
of large bubbles and chimneys (e.g., Norman & Ikeuchi 1989;
Dove & Shull 1994; Dove et al. 2000).
The presence of young, 10−40 Myr old stars, in the central
region of the Magellanic Bridge indicates that stars are ac-
tively forming in situ as they have not had enough time to mi-
grate from the SMC (Demers & Battinelli 1998). The scarcity
of metals (Lehner et al. 2008: Z ≈ 0.1 Z⊙) and molecular
gas (Smoker et al. 2000; Lehner 2002; Mizuno et al. 2006)
within the Bridge means that the star formation may forgo
traditional cooling mechanisms and may instead depend on
triggering events. Young stars could spawn out of collid-
ing cloudlets (Dyson & Hartquist 1983). Numerous simula-
tions of the galaxy interactions provide clues on what type of
events may have encourage their formation. The Besla et al.
(2012) models suggest that a violent collision could have oc-
curred between the LMC and SMC—where the SMC trav-
eled through the disk of the LMC, warping the disk of the
LMC and shock heating the gas—and promoted star forma-
tion within the Magellanic Bridge. Once stars are formed
within the Magellanic Bridge, their ionizing photons, stellar
winds, and supernovae would further ionized the surrounding
gas. Ram pressure compression could also trigger star forma-
tion (Mastropietro et al. 2009), but this mechanism would not
account for the lack of star formation within the Leading Arm
and Magellanic Stream (Besla et al. 2012).
To further distinguish between the sources of the ionization
and to further constrain the ionization fraction of the Magel-
lanic Bridge, more observations are needed. Although the Hα
observations have identified a warm ionized gas phase, they
are insensitive to highly ionized and extremely low density
gas. The Lehner (2002) and Lehner et al. (2008) absorption-
line studies reveal that the structure, at minimal, contains
pockets of highly ionized gas. At more positive latitudes, the
H I column density of the Magellanic Bridge drops off be-
fore the Hα intensity decreases, suggesting that this region
has as a higher ionization fraction due to internal processes
such as star formation, exposure to the ionizing photons from
the Magellanic Clouds, or halo-gas interactions as structure
travels through the hot halo of the Milky Way; however, this
difference could also be due to the decreased sensitivity of this
survey at highest velocities due to residuals left behind by a
bright OH atmospheric line. To determine if a hot ionized gas
phase is rampant throughout this structure, more absorption-
line observations are needed towards background objects and
not towards early-type stars where the presence highly ionized
gas is anticipated. Addition multiline observations will aid in
distinguishing between different sources of ionization as each
ionization process will produce emission and absorption lines
of different relative strengths.
9. SUMMARY
Using WHAM to observe the warm gas phase in the
Magellanic Bridge and the SMC-Tail, we mapped the Hα
emission over 350 degrees2. These kinematically resolved
observations—over the velocity range of+100 to+300 km s−1
in the LSR frame—include the first full Hα intensity map of
the Magellanic Bridge. We compare these observations of the
warm ionized gas phase with the 21 cm emission in the GASS
H I survey. Through these observations, we examined the ex-
tent, morphology, velocity gradients, mass of the ionized gas,
and the source of the ionization of these structures. This study
finishes with the main conclusions from the Hα observations
of the warm gas component in the Magellanic Bridge and the
SMC-Tail:
1. Ionized Gas Mass. Three quantities dominate the un-
certainty in quantifying the ionized-gas mass: the dis-
tance, the morphology along the line-of-sight, and the
distribution of ionized and neutral gas. Assuming a
distance of 55 kpc, an H I line-of-sight depth that is
similar to the width of the Bridge, a single compo-
nent structure along each sightline, and three differ-
ent distributions for the neutral and ionized gas, the
mass of the ionized gas in the SMC-Tail and the Mag-
ellanic Bridge is between (0.7 − 1.7) × 108 M⊙ com-
pared to 3.3 × 108 M⊙ for the neutral mass (see Sec-
tion 6 and Table 3). The Magellanic Bridge is sig-
nificantly more ionized than the SMC-Tail, with the
SMC-tail at only 5 − 24% ionized and the Magellanic
Bridge at 36 − 52% ionized. This survey is insensi-
tive to the faintest (IHα < 30 mR) and lowest density
regions. This survey is also less sensitive to Hα emis-
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sion over +240 ≥ vLSR ≥ +275 km s−1 velocity range
because of increased residuals associated with a bright
atmospheric line.
2. Fraction of Escaping Ionizing Photons. The Lyman
continuum from the extragalactic background and the
Milky Way produces a negligible amount of the ioniza-
tion in the Magellanic Bridge. If the ionizing radiation
from the Magellanic Clouds produces the majority of
the ionization, then the Hα emission traces the fesc of
the LMC and SMC. Assuming that the inner disk of the
SMC and LMC supply the incident ionizing flux that
ionizes the Magellanic Bridge and that the Magellanic
Clouds ionize each other, than the LMC and SMC ra-
diate < 4.0% and < 5.5% of their ionizing photons into
their surroundings, respectively.
3. NH i and IHα Distribution. There is a strong correla-
tion between the log NH i and the log IHα near the Mag-
ellanic Clouds and within the SMC-Tail that is not ob-
served in HVCs (see Figure 13(c)). This trend indi-
cates that the neutral and ionized gas phases in these
regions are related and affected by similar processes
and could be influenced by the close proximity to the
Magellanic Clouds. The contrast between the log NH i
and the log IHα in the central regions on the Magellanic
Bridge, shown in Figures 10 and 12, suggests that their
changes are more related more to the ionization fraction
or to the fraction of ionized regions along the line-of-
sight.
4. Velocity Distribution. The global distribution of the
Hα first moment map agrees with the corresponding
H I map and has a relatively smooth velocity gradient
of +175 to +225 km s−1 in Hα compared to +125 to
+250 km s−1 in H I as illustrated in Figure 9. This cor-
respondence suggests that both of the neutral and ion-
ized gas phases travel parallel to the LMC and SMC.
Although the global trends of these velocity distribu-
tions agree, the intensity-weighted average Hα velocity
is shifted to lower velocities and is much more smooth
than the H I velocity distribution. A combination of
broader Hα components and an insensitivity at high-
est velocities may cause these discrepancies. However,
even though the velocity gradient is smooth, the spec-
tral velocity distribution of the gas has a complex mul-
tiple component structure (see Figures 10 & 12). The
strength of the Hα intensity compared to the H I column
density suggests that many of these structures are pre-
dominantly ionized. In the central regions of the Mag-
ellanic Bridge, there is often additional Hα components
at velocities without complementary H I emission when
smoothed to the same angular resolution, which indi-
cates the presence of distinct highly ionized structures.
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